In order to overcome the low crystallization rate of poly(ethylene terephthalate) (PET), bicyclo[2.2.1] heptane-2,3-dicarboxylic acid disodium salt (HPN-68L), a highly active organic nucleating agent for polypropylene, was selected to replace the special nucleating agent of PET to improve PET crystallization due to its carboxylate anion structure, which usually shows a high induced nucleation ability for PET. The crystallization and properties of the composites were systematically investigated. It was found that HPN-68L had a significant nucleation effect on PET. The crystallization temperature and the nucleation efficiency of PET was increased by approximately 14 C and 68.4%, respectively at a very low content of 0.6 wt% HPN-68L. Moreover, the half-time of crystallization and isothermal crystallization activation energy decreased upon the addition of HPN-68L. The long period of PET decreased and the number of spherulites increased after adding HPN-68L, while the crystal form of PET did not change. In addition, the nucleation mechanism of HPN-68L induced PET crystallization was studied and a chemical degradation nucleation mechanism was proposed. The flexural strength and modulus of PET were improved, whereas the impact strength decreased to a certain extent upon the addition of HPN-68L.
Introduction
Poly(ethylene terephthalate) (PET) is one of the most widely used semi-crystalline thermoplastic polyesters in several areas, such as beverage bottles, bers, and packaging lms because of its excellent mechanical, physical, and chemical properties.
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Nevertheless, its use in injection moulding compounds has so far been restricted because its crystallization rate is so slow that it prolongs the molding cycle. [6] [7] [8] Therefore, increasing the crystallization rate of PET is one of the main directions for PET modication.
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It is widely believed that the addition of a nucleating agent is one of the main methods used to improve the crystallization rate of polymers. 11, 12 A series of inorganic, organic and polymer nucleating agents have been developed. However, organic nucleating agents have attracted more attention due to their extremely high nucleation efficiency resulting from their better compatibility compared to inorganic and polymer nucleating agents.
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Sodium benzoate was one of the earliest organic nucleating agents developed, but it reduced the mechanical and thermal properties of PET.
14,15 Subsequently, some long alkyl chain organic carboxylate and bisamide compounds, such as Aclyn285 (Honeywell, America) and Surlyn8920 (Dupont, America), Licomont NaV101, were reported to improve the PET crystallization ability in industrial elds. Generally, as a nucleating agent, it is required for its melting point to be higher than that of the polymer. 16, 17 However, the melting temperature of these nucleating agents is lower than that of PET (for example, the melting point of Licomont NaV101 is 170 C), which results in some difficulties in their application. Therefore, we think it is signicant to screen PET nucleating agents with high melting points from massproduct nucleating agents, which have been developed for other polymers to meet the needs of PET industrial applications.
Bicyclo[2.2.1]heptane-2,3-dicarboxylic acid disodium salt (HPN-68L)
18-21 is a highly active polypropylene nucleating agent with mass-produce and high melting point at 265 C, [22] [23] [24] which has good thermal stability and is commercially available. We deduced that it should promote PET crystallization because it has an organic carboxylic acid sodium salt functional group.
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However, there are no reports on inducing PET crystallization with HPN-68L. Hereby this study aims to understand the effect of HPN-68L, as a nucleating agent, on the crystallization and mechanical properties of PET. The crystal structure of the PET/ HPN-68L blend system was identied using wide angle X-ray diffraction (WAXD) and small angle X-ray diffraction (SAXS).
In addition, the nucleation mechanism of HPN-68 was elucidated and the mechanical properties of PET/HPN-68L blends were also investigated.
Experimental

Materials and sample preparation
Poly(ethylene terephthalate) (PET) used in this study was CB-602 supplied in pellet form from Far Eastern Industries (Shanghai, China). The intrinsic viscosity of PET measured in phenol/1,1,2,2-tetrachloroethane (1 : 1 by mass) was 0.82 dL g À1 , corresponding to a viscosity average molecular weight of 2. Fig. 1 . The PET pellets and HPN-68L were dried at 160 C under vacuum for 12 h, and then blends of PET and HPN-68L in ratios of 100/0, 99.8/0.2, 99.6/0.4 and 99.0/1.0 (wt/wt) were mixed using a co-rotating twin-screw extruder (type SJZS-10A, China) at a screw speed of 20 rpm. The temperature proles were 265-270-270-265 C from the hopper to the die. The standard specimens were obtained using a plastic injection moulding machine (type SZS-15, China). The temperature of the injection moulding was 265 C, and the mould temperature was 35 C.
Characterization and measurements
A TA differential scanning calorimeter (DSC) Q20 (TA, USA) was used to investigate the melting and crystallization behavior. Before testing, the temperature and energy readings were calibrated with indium. All the DSC measurements were carried out under a nitrogen atmosphere at a ow rate of 50 mL min À1 , and the samples for all measurements were 4-6 mg. During nonisothermal crystallization, the samples were rst heated from room temperature to 280 C at a heating rate of 20 C min À1 and held for 3 min to eliminate any thermal history. Subsequently, they were cooled to 35 C and heated back to 280 C at a heating rate of 10 C min À1 to explore their non-isothermal crystallization and melting behavior. During the isothermal crystallization process, the samples were rst annealed at 280 C for 3 min to erase any thermal history and then cooled to the selected crystallization temperature (T c ) at the fastest cooling rate. Aer completion of the crystallization process, the blends were heated again at 10 C min À1 until completely melted.
The self-nucleation (SN) procedure that was employed for DSC scanning of all the PET samples was as follows and is shown in Fig. 2 . Before the WAXD and SAXS test, the samples were isothermally treated at 220 C for 1 h.
A LEICA DM2500P polarizing optical microscope (POM) (Germany) was used to observe the growth of the spherulites and spherulite morphologies of pure PET and the PET/HPN-68L blends. The sample was pressed into a lm on a heating plate of 280 C and cooled to room temperature. The obtained thin lms were melted at 280 C for 3 min, and the samples were cooled to 220 C at a maximum cooling rate for isothermal crystallization and kept at this temperature for observation. The exural strength of the samples was evaluated using a GTM8050S micro-controlled electronic universal testing machine (China) and the notched impact strength of the samples was examined using an XJC-25ZD impact testing machine (China). All tests were carried out at room temperature and an average of 5 test runs were recorded for each sample.
Results and discussion
3.1 Non-isothermal crystallization Fig. 3 represents the non-isothermal crystallization behavior of pure PET and PET/HPN-68L blends, and the corresponding parameters of the non-isothermal crystallization including the crystallization peak temperature (T c ), crystallization onset temperature (T onset ), melting peak temperature (T m ) and the degree of supercooling (T m À T c ) are shown in Table 1 . In addition, the degree of crystallinity (X c ) was calculated using eqn (1) and its values are also listed in Table 1 .
where DH mc (J g À1 ) is the melting enthalpy of the second heating scan, H 0 m is the melting enthalpy of a 100% crystalline form of PET (117.6 J g À2 ), 28 and q is the weight fraction of ller. In general, for a polymer system containing a nucleating agent, a higher crystallization peak temperature indicates a lower degree of supercooling, which is highly desirable in industrial modulation processes as this will reduce the molding cycle and therefore accelerate the production rate. 13 Clearly, from respectively, implying that the addition of HPN-68L decreases the degree of supercooling. The degree of crystallinity (X c ) for PET increases by 17.2% upon the addition of 0.6% HPN-68L.
Nucleation efficiency
According to eqn (2) proposed by Fillon et al., 29 we can calculate the nucleation efficiency (NE) of HPN-68L.
where t c,NA is the crystallization peak temperature of a polymer with the nucleating agent, t c1 is the crystallization peak temperature of the blank polymer, and t c2,max is the maximum crystallization peak temperature of the ideally self-nucleated pure polymer. To calculate the nucleation efficiency, determination of the self-nucleation crystallization temperature is required. The DSC cooling curve of pure PET aer different heat treatments is shown in Fig. 4 . It can be seen that the crystallization peak temperature of PET hardly changes in the thermal treatment temperature range of 258-260 C, which means that the PET spherulites are in a state of complete melting in the range of 258-260 C. The crystallization peak of PET begins to weaken when the thermal treatment temperature is below 255 C, indicating that the majority of PET crystals are un-melted with self-nucleation and annealing taking place at the same time. 30 When the thermal treatment temperature was in the range of 257-255 C, the crystallization temperature of PET rises with a decrease in the thermal treatment temperature, meaning that only the self-nucleation of PET occurs during the cooling process. Therefore, the thermal treatment temperature of 257-255 C was screened as the self-nucleated thermal treatment temperature region, 255 C was selected as the selfnucleation thermal treatment temperature (T s ) of PET in this work and t c2,max was 225.9 C. The nucleation efficiency (NE) values are shown in Fig. 5 . The value of the NE initially increases but nally decreases upon increasing the amount of HPN-68L and a maximum NE value of 68.4% is acquired for the blend with an HPN-68L weight fraction of 0.6 wt%.
Isothermal crystallization kinetics
To further explore the effects of the organic nucleating agent (HPN-68L) on the crystallization rate of PET, the Avrami equation was used to analyze the isothermal crystallization process,
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as shown in eqn (3).
Eqn (3) can also be rewritten in a double logarithmic form as follows.
The half-time of crystallization (t 1/2 ) can be calculated using eqn (5) .
where X t is the relative crystallinity at time t, k is the crystallization rate constant and n is the Avrami exponent, which is related to the nucleation and crystal growth mechanism. The values of k and n can be calculated using the slope and intercept of eqn (4). Fig. 6 shows that within a relative crystallinity range of 20-80%, log[Àln(1 À X t )] exhibits a good linearity against log(t) for all the samples. However, a deviation can be identied in the relative crystallinity range greater than 80% or less than 20%, and the reason for the deviation was the non-linear growth patterns and impingement of the spherulites. 32 According to Table 2 , the n values of PET and the PET/HPN-68L blends are non-integers in all cases due to the mixed growth or surface nucleation.
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In general, the reciprocal of t 1/2 (1/t 1/2 ) is one of the parameters used to characterize the polymer crystallization rate. A larger 1/t 1/2 value indicates a faster crystallization rate. The values of t 1/2 and 1/t 1/2 are listed in Table 2 , and the relationship between T c and 1/t 1/2 is shown in Fig. 7 . It is clear that a higher HPN-68L content leads to a larger 1/t 1/2 value. For example, the 1/t 1/2 value of pure PET is 0.20 min À1 isothermally crystallized at 220 C, while it increases to 1.86 min À1 aer the incorporation of 0.6 wt% HPN-68L. It shows that the crystallization rate increases 9.2 times compared with that of pure PET.
Equilibrium melting temperature and crystallization active energy
In order to further analyze the crystallization kinetics, the equilibrium melting point (T 0 m ) and crystallization active energy (DE a ) of the samples were estimated. 34 According to the Hoffman-Weeks equation, the equilibrium melting temperature (T 0 m ), the crystallization temperature (T c ) and the corresponding melting point (T m ) of samples have the following relationship:
where b is a constant related to the crystal structure and T 0 m can be determined by the extrapolation of the experimental melting point T m versus T c to the line T m ¼ T c according to the eqn (6) . The plots of the equilibrium melting temperature for PET and the PET/HPN-68L blends are shown in Fig. 8 and Table 3 . We can observe that the equilibrium melting point of PET was 270. 4 C and the equilibrium melting temperature of the blends decreases when the content of HPN-68L increases, which implies that HPN-68L may cause the molecular weight of PET or the thickness of lamellar crystal to decrease (see part 3.5). The isothermal crystallization activation energy (DE a ) can be calculated using the Arrhenius equation and its form is as follows.
The eqn (7) is rewritten into a logarithmic form, as shown in the eqn (8) .
1 where k is a crystallization rate constant, k 0 is a temperature independent pre-exponential factor, and R is the gas constant. As shown in Fig. 9 , a straight line can be obtained according to the Arrhenius equation and the slope of the straight line is ÀDE a /R. The DE a values of the PET/HPN-68L blends are listed in Table 3 ; the DE a of all the samples are negative because the crystallization process is exothermic. 37 The isothermal crystallization activation energy of pure PET was À172.9 kJ mol À1 , and the DE a of PET reduces to À347.5 kJ mol À1 upon adding 0.6% HPN-68L, showing that the presence of HPN-68L signicantly reduces the crystallization activation energy of the PET blends, which makes the PET chain segment to crystallize more easily and further accelerates the growth rate of the PET crystals.
Intrinsic viscosity and nucleation mechanism
The intrinsic viscosity ([h]) of a polymer can be measured using a Ubbelohde viscometer. Generally, a decrease in the molecular weight may cause a decrease in the intrinsic viscosity of the polymer. The intrinsic viscosity was determined from the average of the two intercepts using the Huggins equation and Kraemer equation:
where h r ¼ t/t 0 ; h sp ¼ h r À 1; k and b are constants, and k is the Huggins constant.
where C is the concentration of the solution and [h] is the intrinsic viscosity. According to eqn (11), two straight lines in the longitudinal coordinates intersect at one point and their common intercept is the intrinsic viscosity. The viscosity average molecular weight (M h ) can be calculated using the Mark-Houwink equation:
where K and a are the Mark-Houwink constants and their values are 2.1 Â 10 À4 dL g À1 and 0.82, respectively.
As shown in Table 4 , the intrinsic viscosity and viscosity average molecular weight of PET decrease with an increase in the HPN-68L content. The decrease in the molecular weight of PET was mainly related to the chemical scissoring effect of the nucleation agent HPN-68L. As is known, HPN-68L is an organic carboxylic acid sodium salt. In its molten state, a chemical reaction [40] [41] [42] may occur between the terminal group in the PET chains and carboxylic acid sodium of HPN-68L illustrated as Schemes 1 and 2. As shown, it can break down PET chains, which induces a decrease in the intrinsic viscosity and gives PET molecules an anionic group. At a higher temperature, this ionic group on the molecular chain ends tends to form a stable crystal nucleus of a certain size, which allows the subsequent nucleation and crystal growth to proceed, and thereby greatly shorten the crystallization induction period. 41 On the other hand, the PET molecular chain breakage causes the decrease of the local molecular weight and promotes the crystallization rate of PET.
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As a brief conclusion, both the effects of enhanced nucleation and polymer chain scissoring from the nucleation agent synergistically improve the crystallization rate of PET.
WAXD analysis
The X-ray diffractograms obtained for PET, HPN-68L and PET/ HPN-68L blends are shown in Fig. 10 ( 111), ( 110), (100), ( 121) and (110) planes. Hence, the PET is a triclinic crystal and its molecular conguration is approximately planar. 44 On one hand, the main diffraction peaks for all samples appear at nearly the same 2q angle when content of HPN-68L is below 0.6 wt%, indicating that the addition of HPN-68L has a negligible effect on the crystal form of PET. On the other hand, a new diffraction peak appears at 2q ¼ 6.6 apart from the peak of PET at a higher HPN-68L loading of 0.6 and 1.0 wt%, which is attributed to HPN-68L. This may be explained by the agglomerated HPN-68L particles produced when its concentration is greater than 0.6 wt%. Fig. 9 The plots of (1/n)ln k versus 1/T c used for the determination of DE a .
SAXS analysis
The small-angle X-ray scattering (SAXS) technique can provide additional information on the structure of lamellae at a larger length scale. The measured SAXS scattering intensity of PET and the PET/HPN-68L blends was rectied using the Lorentz method, as illustrated in Fig. 11 . It can be observed that there is an observable scattering peak in both pure PET and its blends, which indicates the existence of ordered structures. Adjacent lamellae spacing, i.e., long period (L), can be estimated using Bragg's law.
where s is scattering vector, q is half of the scattering angle and s max is the scattering vector corresponding to the SAXS peak. According to Fig. 11 , compared with pure PET, the peak position shis towards a higher angle upon increasing the HPN-68L content, implying that the long period decreases with the addition of HPN-68L according to Bragg's law analysis. For example, the long periods of PET and the blend samples with 1.0 wt% HPN-68L are 14.07 nm and 12.65 nm, respectively (as listed in Table 5 ).
Spherulite morphology
The spherulite morphologies of pure PET and the PET/HPN-68L blends isothermally crystallized at 220 C for 30 min are shown in Fig. 12 . A small part of spherulites appear in pure PET, and the nucleation density of the PET spherulites increases upon adding HPN-68L. In addition, the spherulites arrange more closely and the size is more uniform with HPN-68L content increasing.
Mechanical properties of PET and PET/HPN-68L blends
The variations in the exural strength and notched impact strength of the PET/HPN-68L blends are shown in Fig. 13 and 14. Clearly, when the HPN-68L content reached 0.6 wt%, the exural strength of PET increased from 107.5 Mpa to 128.3, Mpa and the exural modulus of PET increased by 54.9%, indicating the enhancement in the rigidity of the blend system. This change can be attributed to two aspects. On one hand, the exural modulus of the composite is related to the proportion of the rigid parts, and the equation for the relationship between the modulus of materials is as follows:
where E 0 is the modulus of the composite, E m is the modulus of the non-rigid portion, E f is the modulus of the rigid portion and V f is the volume fraction of rigid parts. When the proportion of the rigid part (the crystal part) increases (i.e., the degree of crystallinity), there is usually an evident increase in the modulus of the system. 39 Therefore, the addition of HPN-68L signicantly increases the crystallinity of PET, resulting in an increase in the exural modulus of the PET/HPN-68L blends. On the other hand, the spherulite size of PET is more uniform upon adding HPN-68L, leading to the perfection of the crystal form and the more compact arrangement of the crystal, which is conducive to improving the exural strength. In addition, pure PET shows a notched impact strength of 30.5 J m À1 , and with the addition of 0.6 wt% HPN-68L, the value of the notched impact strength decreases to 22.9 J m À1 (as shown in Fig. 14) , which is attributed to the decrease of PET molecular weight and partial degradation of PET.
Conclusions
HPN-68L is an effective nucleating agent for PET, which can markedly affect the crystallization behavior and mechanical properties of PET, and a chemical degradation nucleation mechanism was proposed. When the HPN-68L content reached 0.6 wt%, the crystallization temperature and nucleation efficiency of PET were reduced by 14.1 C and 68.4%, respectively.
During isothermal crystallization, the crystallization rate of PET increased, and the half-time of crystallization decreased upon increasing the HPN-68L content. Moreover, the long period of PET decreased and the spherulites arranged more closely as the HPN-68L content increased. The crystal structure of PET did not change with the addition of HPN-68L. What is noteworthy is that the exural strength and exural modulus increased with an increase in the HPN-68L content, but the impact strength decreased aer the addition of HPN-68L due to the partial degradation of PET.
